ABSTRACT. It has recently been proposed that subsurface oxygen is crucial for the adsorption and subsequent electroreduction of CO 2 on copper. Using density functional theory, we have studied the stability and diffusion of subsurface oxygen in single crystals of copper exposing (111) and (100) facets. Oxygen is at least 1.5 eV more stable on the surface than beneath it for both crystal orientations; interstitial sites are too small to accommodate oxygen. The rate of atomic oxygen diffusion from one layer below a Cu(111) surface to the surface is 5 × 10 3 s -1 .
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1,2 A number of authors have reported that the activity of copper and its selectivity to form C 2 products (ethene and ethanol) are enhanced when copper is first oxidized and then reduced. [3] [4] [5] [6] [7] [8] [9] [10] This observation has led to the suggestion that oxide-derived copper either retains an oxide phase or subsurface oxygen under the conditions used for the CO 2 reduction reaction (CO2RR) (i.e., at cathode potentials below -0.9 V vs RHE). [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] While in situ X-ray absorption near edge spectroscopy (XANES), in situ atmospheric pressure X-ray absorption spectroscopy (APXPS), and quasi in situ electron energy loss spectroscopy (EELS) have shown that Cu 2 O formed under oxidizing conditions is reduced to metallic Cu at a cathode potentials below 0.35 V vs RHE, 16,21 experimental evidence has been reported for the retention of subsurface oxygen based upon quasi in situ X-ray photoelectron spectroscopy (XPS), EELS conducted in a scanning transmission electron microscope (STEM),
imaging by TEM and STEM, and positron annihilation spectroscopy (PAS). 14-17 Theoretical studies have also concluded that subsurface oxygen enables the adsorption of CO 2 and promotes the coupling of adsorbed CO to form C-C bonds, suggesting that the enhanced activity and selectivity formation of C 2 products observed during the CO2RR on oxide-derived Cu is attributable to subsurface oxygen. 14, 20 A critical question regarding the effects of subsurface oxygen on the activity and selectivity of oxide-derived Cu for the CO2RR is whether or not this species is stable under the highly reducing conditions used for this reaction. This question has recently been addressed by experiments using 18 O-labeled water. 22 A second factor that can explain the adsorption of CO 2 on copper is related to the limitations of semilocal correlation functionals, which to the best of our knowledge are utilized in all previous relevant theoretical studies. The correlation in functionals such as PBE or M06 depends only on semilocal quantities (i.e., the density and density gradients). As a consequence, attraction vanishes exponentially with the distance between molecules or a molecule and a surface. 37 In other words, semilocal approximations cannot describe-not even in principlelong-range dispersion correlation (e.g., van der Waals forces). For these reasons we have used the SCAN+rVV10 functional, 38 which incorporates nonlocal correlation, to estimate the physisorption of CO 2 with copper. SCAN+rVV10 was designed with applications to the solidstate in mind and has minimal empiricism; it satisfies all known exact constraints a functional of its kind can satisfy, 39 thus avoiding training set bias (which may favor accuracy for molecular systems over extended ones). Moreover, we take into account the aforementioned reduction of the entropy of CO 2 in water, as well as the effects of the applied potential, as detailed above. The applied voltage is, in fact, a third factor that may explain CO 2 adsorption during the CO2RR, and as we will see shortly, it is indeed critical for CO 2 chemisorption. and that Cu(100) is more active toward CO 2 reduction than Cu(111). 40 Another interesting observation is that while the applied potential has a stabilizing effect on b-CO 2 , it slightly suppresses physisorption. Presumably, the reason for favoring chemisorption under an applied voltage is that b-CO 2 acts essentially as a Lewis acid, whereas a possible reason for disfavoring physisorption is steric or electrostatic repulsion between CO 2 and the charged surface. We assessed the possibility of oxygen beneath the second layer of Cu (111) The effect is subtle, but it can be appreciated in the projected density of states for 4s orbitals in figure 3 . The energetic range of 4s states in the pure Cu(111) and the corresponding suboxide structure indicate that 4s orbitals in the latter are more localized. These orbitals are the most diffuse occupied orbitals in Cu, and would therefore contribute significantly to the overlap with CO 2 density when far apart from the surface. and Cu(100) would be 0.08 (θ =1/8) and −0.1 eV (θ =1/4), respectively. The values are higher than those in Table 1 due to the increased entropy of CO 2(g) as compared to CO 2(aq) , but still predict CO 2 to chemisorb to a degree that makes it possible for the reaction to take place:
adsorption is thermodynamically favorable on Cu(100) and, assuming ΔG chem does not increase with lower coverage, the Langmuir isotherm curve for Cu(111) predicts a coverage of about 1/20
at 298 K and 1 atm.
In summary, our results suggest that subsurface oxygen does not play a key role during the CO2RR on Cu. Near-surface oxygen is not sufficiently long-lived to be present during the reaction; moreover, theory predicts that copper can adsorb CO 2 without the need for subsurface oxygen (once dispersion interactions, electrolyte, and voltage are taken into account in the modeling). We suggest that, rather than subsurface oxygen, surface defects introduced during the electrochemical reduction of oxidized copper may be responsible for the observed enhancements in the CO2RR activity and selectivity to ethylene and ethanol reported for oxide-derived copper.
As noted earlier, oxygen is too large to fit into the interstitial sites of copper. Thus, for interstitial diffusion to occur oxygen must significantly disrupt the positions of adjacent Cu atoms in the lattice; this is indeed reflected in our transition state structures (see figure 4 ). This process may leave behind defects such as holes and under-coordinated surface atoms that promote CO 2 adsorption and CO dimerization-the fact that less-coordinated atoms favor these processes is clear when comparing energetics on the Cu(111) and Cu(100) surfaces reported here and elsewhere. 25, 41, 42 Recent investigations of the CO2RR on Cu and Ag also support the hypothesis that surface defects are responsible for the properties of oxide-derived copper catalysts. The present study also demonstrates that the oxidation of Cu (111) It is appropriate to conclude with a brief mention of the remaining limitations of our calculations. We have improved the density functional approximation relative to previous studies by incorporating nonlocal correlation, but it is still an approximation and there may be remaining errors. We have accounted for finite bias in the electronic structure and for the effect of the electrolyte using continuum descriptions, but it is likely that the continuum approximation is not fully adequate. However, this issue is unlikely to affect our results as specific solvent-CO 2 and ion-CO 2 interactions are probably not at play (and if so would tend to further stabilize b-CO 2 ).
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Furthermore, our findings are in agreement experimental observations 22, 45 and with other theoretical studies that employ methodologies different from the one used here. 
